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The study of newly observed X(2040), X(2240) states and ω meson family
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In this paper, we systematically study the ω meson family and the newly observed X(2040) and X(2240)
with JPC = 1−− by the BESIII Collaboration. We study the excited states of ω and discuss the possibility of
X(2040) and X(2240) as ω excitations by analyzing the mass spectrum and strong decay behaviors. In addition,
we predict the mass and widths of ω(5S ), ω(4D). The abundant information of their two-body strong decays
predicted in this work will be helpful to further study of these ω states in experiment and theory.
PACS numbers: 14.40.Be, 12.38.Lg, 13.25.Jx
I. INTRODUCTION
There is abundant information on ω states collected in Par-
ticle Data Group(PDG) [1], which provides that their spin-
parity JPC could be 1−− and all of them are isospin scalar. In
the Further States of PDG, four sorts of ω states are listed,
ω(1960), ω(2205), ω(2290) and ω(2330), respectively. Their
mass are 1960±25MeV, 2205±30MeV, 2290±20MeV and
2330 ± 30 MeV and their widths are 195 ± 60 MeV, 350 ± 90
MeV, 275 ± 35 MeV and 435 ± 75 MeV, respectively.
In the other hand, very recently, the BESIII Collaboration
observed a resonant structure in the line shape when they an-
alyzed the cross section of the e+e− → K+K− process at
center-of-mass energies varying from 2.00 to 3.08 GeV, which
has the mass of 2239.2± 7.1± 11.3 MeV and the width of
139.8±12.3±20.6 MeV (we name it X(2240)) [2]. Reference
[3] treats it as the candidate of a sss¯s¯. Given its production
process, the quantum number of this resonant structure can be
assigned as JPC = 1−−. In addition, BESIII Collaboration ob-
served a structure in partial-wave analysis of J/Ψ→ K+K−π0,
whose resonance parameters are M=2039.2±8+36−18 MeV and
Γ =193±23+25−27 MeV with JPC = 1−− (we name it X(2040))
[4].
In view of these ω states and the two new observed states,
a systemical study for the ω meson family becomes very nec-
essary and urgently.
Both ω and ρ family have the quantum number JPC = 1−−
and the same quark flavor(u and d quark). The only difference
between them is that ω is iso-scalar while ρ is iso-vector, so
the mass spectrum and decay information of ω and ρ family
are very similar. In order to study ω meson family, we com-
pareω states with ρ states which were studied by Ref. [8]. We
present the mass information of ω and ρ states in Table I.
In this paper, we will study the excited states of ω meson.
By using modified Godfrey-Isgurmodel(MGI) and quark pair
creation(QPC) model, the mass spectrum and strong decay
behavior of excited states of ω meson are analyzed, which
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indicates that X(2040) is the candidate of ω(2D) meson with
I(JP) = 0(1−). Our research does not support X(2240) as the
ω(4S ) or ρ(4S ) assignment. At the same time, the mass and
the widths of ω(5S ) and ω(4D) are predicted, respectively.
The spectrum of the ω meson family are studied by us-
ing Regge trajectory and MGI model. Regge trajectory is
very useful for the light meson mass spectrum analyzing [9–
11]. MGI model contains the screening effect and works
well for describing the higher excited states of ω meson [12–
19]. Then, for further study the properties of ω mesons, their
Okubo-Zweig-Iizuka (OZI)-allowed two-body strong decays
are studied by taking input with the spatial wave functions ob-
taining in mass spectrum by numerically calculation. Their
partial and total decay widths are calculated by using the
QPC model which was proposed by Micu [20] and exten-
sively applied to studies of strong decay of other hadrons
[8, 14, 19, 21–46]. The effort will be helpful to uncover the
structure of X(2040) and X(2240), and establishωmeson fam-
ily.
This paper is organized as follows. We first analyze the
mass spectrum and decay behavior phenomenologically of ω
mesons in Sec. II and Sec. III. In Sec. IV, we discuss our
results and summarize the main conclusions.
II. MGI MODEL, REGGE TRAJESTORY AND MASS
SPECTRUM OF ω MESON FAMILY
A. a brief review of MGI mdoel and Regge trajestory
In 1985, Godfrey and Isgur propound GI model to describe
relativistic meson spectra with great success, exactly in low-
lying mesons [12]. As for the excited states, the screening
potential should be taken into account for its coupled-channel
effect [15, 16, 19, 46].
The mesons’ internal interaction is depicted by the Hamil-
tonian of potential model, which can be written as
H˜ =
√
m2
1
+ p2 +
√
m2
2
+ p2 + V˜eff(p, r), (2.1)
where m1 and m2 denote the mass of quark and antiquark re-
spectively, the relation between V˜eff(p, r) and Veff(p, r) will be
illustrated later, and the effective potential has a familiar for-
2TABLE I: The experimental information of the observed ω and ρ states. Here, the mass and widths are in units of MeV.
State Mass Width State Mass Width nL
ω(782) [1] 782.65 ± 0.12 8.49 ± 0.08 ρ(770) [1] 770.49 ± 0.34 146.2 ± 0.7 1S
ω(1420) [1] 1425 ± 25 880 ± 170 [5] ρ(1450) [1] 1465 ± 25 400 ± 60 2S
ω(1650) [1] 1670 ± 30 315 ± 35 ρ(1700) [1] 1720 ± 20 250 ± 100 1D
ω(1960) [6] 1960 ± 25 195 ± 60 [7] ρ(1900) [1] 1909 ± 30.2 130 ± 30 3S
X(2040) [4] 2039 ± 19.7 193 ± 35.5 ρ(2000) [1] 2000 ± 30 260 ± 45 2D
ω(2205) [6] 2205 ± 30 350 ± 90 [7] ρ(2150) [1] 2149 ± 17 350 ± 64 4S
ω(2290) [6] 2290 ± 20 275 ± 35 ρ(2270) [1] 2265 ± 40 320 ± 80 3D
ω(2330) [6] 2330 ± 30 435 ± 70
mat in the non-relativistic limit [12, 47],
Veff(r) = H
conf + Hhyp + Hso, (2.2)
with
Hconf =
[
− 3
4
(
b(1 − e−µr)
µ
+ c) +
αs(r)
r
]
(F1 · F2)
= S (r) +G(r), (2.3)
Hhyp = − αs(r)
m1m2
[
8π
3
S1 · S2δ3(r) + 1
r3
(3S1 · rS2 · r
r2
− S1 · S2
)]
(F1 · F2), (2.4)
Hso =Hso(cm) + Hso(tp), (2.5)
where S1/S2 indicates the spin of quark/antiquark and L is
the orbital momentum. F1 andF2 are related to the Gell-Mann
matrices in color space . For a meson, 〈F1 · F2〉 = −4/3, and
the running coupling constant αs(r) has following form,
αs(r) =
∑
k
2αk√
π
∫ γkr
0
e−x
2
dx, (2.6)
where k is varying from 1 to 3 and the correspondingαk and γk
are constant, α1,2,3 = 0.25, 0.15, 0.2 and γ1,2,3 =
1
2
,
√
10
2
,
√
1000
2
[12]. Hconf consists two pieces, the spin-independent linear
confinement piece S (r) and Coulomb-like potentialG(r), Hhyp
also includes two parts, tensor and contact terms, which is
the color-hyperfine interaction. HSO denotes the spin-orbit
interaction with colour magnetic term causing of one-gluon-
exchange and the Thomas precession term which can be writ-
ten as
Hso(cm) =
−αs(r)
r3
(
1
m1
+
1
m2
) (
S1
m1
+
S2
m2
)
·L(F1 · F2), (2.7)
Hso(tp) = − 1
2r
∂Hconf
∂r
(
S1
m2
1
+
S2
m2
2
)
·L. (2.8)
In light meson system, we must consider the relativistic ef-
fects introduced by GI model.
On one hand, GI model introduces a smearing function for
a qq¯ meson which is the nonlocal interactions and new r de-
pendence, i.e.
ρ
(
r − r′) = σ3
π3/2
e−σ
2(r−r′)2 , (2.9)
the S (r) and G(r) become smeared potentials S˜ (r) and G˜(r)
by the following procedure
f˜ (r) =
∫
d3r′ρ(r − r′) f (r′), (2.10)
with
σ212 = σ
2
0
[
1
2
+
1
2
(
4m1m2
(m1 + m2)2
)4 ]
+ s2
(
2m1m2
m1 + m2
)2
, (2.11)
where the values of σ0 and s are defined in Table II.
TABLE II: Parameters and their values in this work, which are de-
termined by fitting the experimental data of meson listed in PDG in
Ref. [46].
Parameter Value [46] Parameter Value [46]
mu(GeV) 0.163 σ0(GeV) 1.799
md(GeV) 0.163 s(GeV) 1.497
ms(GeV) 0.387 µ(GeV) 0.0635
b(GeV2) 0.221 c(GeV) -0.240
ǫc -0.138 ǫsov 0.157
ǫsos 0.9726 ǫt 0.893
On the other hand, for the sake of making up the losing of
relativistic effects in the non-relativistic limit, a general po-
tential relying on the the center-of-mass of interacting quarks
and momentum are applied as
G˜(r) →
(
1 +
p2
E1E2
)1/2
G˜(r)
(
1 +
p2
E1E2
)1/2
, (2.12)
and
V˜i(r)
m1m2
→
(
m1m2
E1E2
)1/2+ǫi V˜i(r)
m1m2
(
m1m2
E1E2
)1/2+ǫi
, (2.13)
where V˜i(r) delegates the contact, tensor, vector spin-orbit and
scalar spin-orbit terms, and ǫi is the relevant modification pa-
rameter as shown in Table II. After the above revises in two
points, V˜eff(p, r) is replaced by Veff(p, r).
Via solving the Hamiltonian in Eq. (2.1) by exploiting har-
monic oscillator (HO) basis, we obtain the mass spectrum and
3wave functions. In configuration and momentum space, HO
wave functions have explicit forms respectively,
ΨnLML (r) = RnL(r, β)YLML (Ωr),
ΨnLML (p) = RnL(p, β)YLML (Ωp), (2.14)
with
RnL(r, β) = β
3/2
√
2n!
Γ(n+L+3/2)
(βr)Le
−r2β2
2
×LL+1/2n (β2r2), (2.15)
RnL(p, β) =
(−1)n(−i)L
β3/2
e
− p2
2β2
√
2n!
Γ(n+L+3/2)
(
p
β
)
L
×LL+1/2n ( p
2
β2
), (2.16)
where YLML (Ω) is the spherical harmonic function, and
L
L+1/2
n−1 (x) is the associated Laguerre polynomial, and β =
0.4 GeV for the calculation.
With diagonalizing the Hamiltonian matrix, the mass and
wave function of meson which are available to the following
strong decay process can be obtained.
In addition, we study the mass of ω family using Regge tra-
jectory which is an effective approach to quantitatively study
meson mass spectrum [48, 49]. In general, there exists an ex-
pression [9, 50]
M2 = M20 + (n − 1)µ2, (2.17)
where M0 is the mass of ground state and µ
2 denotes the tra-
jectory slope and n is the radial quantum number of the cor-
responding meson with mass M. The relation expressed by
Eq. (2.17) for ω is roughly consistent with ρ states as shown
in FIG. 1 and FIG. 2.
ω(782)
ω 1420)
ω1960)
ω2205)
770)
1450)
1900)
	
2150)
1 2 3 4 5
0
1
2
3
4
5
n+I
M
2

G
e
V
2
)
μ2=1.5 GeV2
FIG. 1: (color online). The Regge trajectories of S-wave ω and ρ
states.
B. mass spectrum analyze
As for S-wave ω states, we can constitute the Regge tra-
jectory of ω(782), ω(1420), ω(1960), ω(2205) with µ2= 1.5
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FIG. 2: (color online). The Regge trajectories of D-wave ω and ρ
states.
TABLE III: The mass spectrum of JPC = 1−− light mesons. Expe.
represents experimental value. The unit of the mass is GeV.
State MGI(this work) GI [12] Ebert [10] Expe. of ω(ρ)
1S 0.774 0.771 0.776 0.783(0.775)
2S 1.424 1.455 1.486 1.425(1.465)
3S 1.907 1.998 1.821 1.960(1.908)
4S 2.258 2.434 2.195 2.205(2.150)
5S 2.553 2.817 2.472 −−
1D 1.646 1.702 1.557 1.670(1.700)
2D 2.048 2.179 1.895 2.039(2.000)
3D 2.364 2.578 2.168 2.330(2.265)
4D 2.629 2.932 −− −−
GeV2, just like the S-wave ρ states shown in FIG. 1. Mean-
while, ω(1650), X(2040), and ω(2330) should belong to the
D-wave ω states and µ2= 1.38 GeV2 followed by our analysis
as shown in FIG. 2.
From FIG. 1, we can see that the S-waveω and ρ states have
semblable Regge trajectories: ω(782) and ρ(770), ω(1420)
and ρ(1450), ω(1960) and ρ(1900) as well as ω(2205) and
ρ(2150) may be 1S, 2S, 3S and 4S stats, respectively. Accord-
ing to FIG. 2, we also can note that the D-wave ω states and
ρ have semblable Regge trajectories, especially ω(1650) and
ρ(1700), X(2040) and ρ(2000), ω(2330) and ρ(2270). At the
same time. we found that X(2040) can be a good candidate of
ω(2D). As the extension of Regge trajectory of ω, ω(5S ) and
ω(4D) are predicted with the mass of 2.63 GeV and 2.64 GeV,
respectively.
The mass spectrum of ω family can be obtained by apply-
ing the MGI model and the parameters are shown in Table II.
Otherwise, besides the GI model can be used to calculate the
mass spectrum of mesons with JP = 1−, Reference [10] also
gave a spectrum for ω/ρ meson. The mass spectrum for these
ω states obtained by the MGI model is listed in Table II. We
4compare the numerical results of GI model [12], Ref. [10],
MGI model, and experimental value in Table II.
The results indicate that the mass of ω obtained in this work
is more approaching the experimental values than the value of
GI [12] and Ebert [10] for 2S , 1D, 2D and 3D states. More
important is that the mass of MGI result and Regge trajec-
tories for the ω(ρ) family are very close. For example, both
MGI and Regge trajectories give the mass of ω(ρ)(4S) state is
2.258 GeV.
From Regge trajectories’ and MGI’s results, we make a
summary as follows:
1. X(2240)may be the same state with ω(2205) as the can-
didate of 43S 1 assignment. However, the widths of the
two states are different. We will give a deep discussion
for the two states in next section.
2. ω(1420), ω(1960), ω(2205) and ω(2553) are the radial
excitations of ω(782)(1S ), X(2040) and ω(2330) can be
assigned as the radial excitations of ω(1650)(1D).
3. Result of MGI model shows that the mass of ω(5S ) and
ω(4D) is 2.55 GeV and 2.62 GeV, respectively. Regge
trajectories predict the mass of ω(5S ) and ω(4D) will
be 2.63 GeV and 2.64 GeV, respectively. The physi-
cal mass of ω(5S ) and ω(4D) may be between the two
theoretical value.
The above summary is just obtained by analyzing the mass
spectrum. In the following section, we will give a deep dis-
cussion by the means of their two-body strong decay.
III. DECAY MODES AND WIDTH
A. a brief review of QPC mdoel
The QPC model is used to calculate the hadronic strong
decays allowed by OZI rule. This model is firstly proposed by
Micu [20] and further developed by Orsay group [21, 51–54].
The QPC model is widely applied to the OZI-allowed two-
body strong decays of hadrons in Refs. [8, 19, 22, 23, 26, 28,
30, 32–37, 40–46, 55–59].
For the process A → B +C,
〈BC|T |A〉 = δ3(PB + PC)MMJA MJB MJC , (3.1)
where PB(C) is the three-momentum of a meson B(C) in the
rest frame of a meson A. MJi (i = A, B,C) denotes mag-
netic quantum number. The transition operator T describes a
quark-antiquark pair creation from vacuum, which JPC = 0++.
T can be written as
T = −3γ
∑
m
〈1m; 1 − m|00〉
∫
dp3dp4δ
3(p3 + p4)
× Y1m
(
p3 − p4
2
)
χ341,−mφ
34
0
(
ω340
)
i j
b
†
3i
(p3)d
†
4 j
(p4), (3.2)
where the quark and antiquark are denoted by indices 3 and
4, respectively, γ depicts the strength of the creation of qq¯
from vacuum Yℓm(p) = |p|ℓYℓm(p) are the solid harmonics.
χ, φ, and ω denote the spin, flavor, and color wave functions
respectively, which can be treated separately. Subindices i and
j denote the color of a qq¯ pair. The decay width reads
Γ =
π
4
|P|
m2
A
∑
J,L
|MJL(P)|2, (3.3)
where mA is the mass of an initial state A, and the two decay
amplitudes can related by the Jacob-Wick formula [60] as
MJL(P) =
√
4π(2L + 1)
2JA + 1
∑
MJB MJC
〈L0; JMJA |JAMJA〉
×〈JBMJB ; JC MJC |JAMJA〉MMJA MJB MJC . (3.4)
In the calculation, the spatial wave functions of the dis-
cussed mesons can be numerically obtained by the MGI
model.
B. numerical result of the strong decay of ω meson family
The study of ω and ρmeson families can be borrowed from
each other, so we can estimate the mass of the missing states
in these meson families. Similarly, we can study the strong
decay ofωmeson family comparingwith that of ρmeson fam-
ily. The γ value in Eq. 3.2 is taken by the following method.
When fitting the ρ meson experimental width value (with er-
ror) using the theoretical total width, the range of γ value can
be fixed. Then we use this γ value to calculate the width of ω
meson.
1. S-wave ω mesons
TABLE IV: The total and partial decay widths of the ω(2S ) and
ρ(2S ), the unit of widths is MeV. The γ value is 11.5-13.4.
ω(1420), Γ = 880 ± 170 [5] ρ(1450), Γ = 400 ± 60 [1]
Channel Value Ref. [61] Channel Value Ref. [61]
T otal 695 ± 106 378 T otal 400 279
ρπ 613 328 ωπ 223 122
ηρ 33.6 ηρ 58.3
KK 28.1 31 KK 32.4
b1π 12.1 1 ππ 31.5 74
KK∗ 9.4 5 KK∗ 30.5
a1π 15 3
h1π 8.98 1
By analyzing the above mass results of ω, we know that
ω(1420),ω(1960), ω(2205) and ω(2553) are the radial excita-
tions of ω(782). We will discuss their two-body strong decay
behaviour.
5We can see from TABLE IV and educe the width of
ω(1420). ω(1420) dominantly decay into ρπ which is con-
sist with experiment [1] and Ref. [61]. We can also find that
ηρ, KK, b1π, KK
∗ are the main decay modes in which b1π
was observed in experiment [1]. The total width of ω(1420)
in our calculation has a overlap with the experiment value [5].
ω(1420) is a good candidate of ω(2S ) which agree with Ref.
[41].
TABLEV: The total and partial decay widths of theω(3S ) and ρ(3S ),
the unit of widths is MeV. The γ value is 5.5-6.9.
ω(1960), Γ = 195 ± 60 [7] ρ(1900), Γ = 130 ± 30 [1]
6Channel Value Channel Value
T ota 143 ± 34 T otal 130
ρπ 82.3 a2π 34.4
b1π 24.5 ππ 20.8
KK1 11.5 ωπ 20.8
ηω 7.6 KK1 15.7
KK∗ 6.5 a1π 14.5
h1η 3.6 ηπ 7.97
KK∗ 2.76 ππ 7.7
KK 2.4 KK 1.9
KK1′ 1.54 b1η 1.9
K∗K∗ 0.6 KK∗ 1.7
ρ3π 0.14 K
∗K∗ 0.7
KK′ 0.6
ω(1960) is observed in the pp¯ → ωη, ωππ process [7].
As shown in TABLE V, ω(1960) dominantly decay into ρπ
under ω(3S ) assignment. The decay modes, b1π, KK1, KK
′,
contribute much to the total width, and b1π can decay to ωππ
which is the final channel observed in experiment [7]. Accord-
ing to our calculation, the total width of ω(1960) is 143 ± 34
MeV and this is consistent with the experimental data [7]. In
addition, ωη is sizable final channel and has been observed
in experiment [7]. Other detailed information is demonstrated
in TABLE V. Our calculation indicates that ω(1960) can be
assigned as ω(3S ) state.
In the pp¯ → ωη, ωππ process, SPEC Collaboration ob-
served the ω(2205) state besides ω(1960) [7]. We assign
ω(2205) as ω(4S ) and its two-body strong decay information
are presented in TABLE VI. According to TABLE VI, we can
find that ρ(1465)π, b1π, a1ρ, ρπ, and a2ρ are the main decay
modes of ω(2205). The theoretical total width of ω(4S ) is
243-353 MeV and it is very close to the experimental value
Γ = 350 ± 90 [7]. Other channels are small such as KK∗,
KK′
1
, ηω and so on. Thus, our study supports that ω(2205) is
a good candidate of ω(4S ) state.
X(2240) is observed in the e+e− → K+K− process by the
BESIII Collaboration, which has the mass of 2239.2± 7.1±
11.3 MeV and the width of 139.8±12.3±20.6 MeV [2]. The
quantum number of this resonant structure can be assigned as
JPC = 1−−. Assuming that it is a isospin scalar state, it may
be a ω(4S ) candidate from our previous mass analysis. Mean-
while, it should be noted that the mass of X(2240) is larger
than the mass of ω(2205), which means if we treat X(2240) as
ω(4S ), the total width of X(2240) in theoretical will be large
than that of ω(2205). However, the experimental width of
X(2240) is just 193 ± 35.5 MeV which doesn’t support it’s
ω(4S ) assignment. The new state X(2240) needs more theo-
retical and experimental research to recover its structure.
ω(5S ) has not been observed in experiment. Regge trajec-
tory and MGI model predict that ω(5S ) may have the mass of
2550-2620 MeV as discussed in previous section. Here, we
obtained the two-body strong decay of ω(5S ) by QPC model
with the mass of 2553 MeV in TABLE VII. As predicted in
TABLE VII, ω(2550)’s main decay modes are πρ(1450), a2ρ,
b1π, a1ρ, ρ3π, KK
∗(1680), K∗K(1630), f2ω are its important
decay channels. Other channels, like KK∗(1410), KK∗
3
(1780),
KK, ηω, f2(1525)ω, ηω3, K
∗K∗
0
(1425), are very narrow. As
we cannot sure for the parameter γ in QPC model, we select
the value 11.6 in Ref. [46] and obtain its width about 330
MeV. We hope our predication can be helpful for searching
TABLE VI: The total and partial decay widths of the ω(4S ) and
ρ(4S ), the unit of widths is MeV. The γ value is 9.14-11.0.
ω(2205), Γ = 350 ± 90 [7] ρ(2150), Γ = 350 ± 64 [1]
Channel Value Channel Value
Total 298 ± 55 Total 350
ρ(1450)π 94.2 ππ(1300) 55.36
b1π 40.4 a2(1732)π 53.6
a1ρ 39.7 ρρ 31.04
ρπ 32.6 ω(1425)π 28.7
a2ρ 20.2 a2π 25.1
KK(1630) 12 ππ 24.1
ρ3π 11.4 ρ(1405)δ 23.2
KK1 10.4 a1π 20
f1(1280)ω 8.2 b1ρ 17.5
f2(1275)ω 7.2 KK1 13.7
K∗K∗ 4.9 h1π 13.4
ηh1 3.7 a0ω 9.3
K∗K1 3.4 a1ω 8.5
KK∗(4110) 3.3 ππ2 8.1
ηρ(1425) 2.0 ωπ 6.4
KK(1460) 1.8 f2ρ 6.1
ηω 1.2 K∗K∗ 4
KK′
1
1.1 f0ρ 3.7
KK∗ 0.19 f1ρ 3.6
πω3 2.9
a0a0 2.7
KK∗
2
(1425) 2
a2ω 1.96
b1η 1.7
ωπ(1300) 1.6
6for this state in experiment.
2. D-wave ω mesons
In this section, we will give a analysis for the D-wave ω
mesons, ω(1650), X(2040), and ω(2290), by the means of
their two-body strong decay behaviour.
ω(1650) was observed in many final channels, such as ρπ,
ωππ, and ηω [1, 7]. In theory, ω(1650) is well established as
a 1D state in ω family [1, 41]. Here, we compared ω(1650)
with ρ(1700) and educed the width of ω(1650) by the width of
ρ(1700) as shown in TABLE VIII. As the same time, we can
conclude that b1π, ρπ, KK, ηω, and KK
∗ are the main decay
modes of ω(1600) in which b1π can decay into the three body
final state ωππ. The total width of ω(1650) is 284±183 MeV
which agrees with the experimental value 315 ± 35MeV [1].
Our theoretical result shows that ω(1650) is a good candidate
of ω(1D).
TABLE IX: The total and partial decay widths of the ω(2D) and
ρ(2D), the unit of widths is MeV. The γ value is 5.4-6.4.
X(2040), Γ = 193 ± 35.5 [4] ρ(2000), Γ = 260 ± 45 [1]
Channel Value Channel Value
Total 152 ± 26 Total 260
b1π 78.4 a1(1640)π 32.5
πρ(1450) 16.7 ρρ 24.8
πρ 16.3 ππ2 18.6
ρa1 15.7 ππ 15.7
ηh1 9.4 a1π 14.1
KK(1460) 3.6 ππ(1300) 10.3
KK∗(1410) 2.9 a2π 5.6
ηω(1425) 2.1 πω(1425) 2.8
ηω 1.9 ωπ 2.3
KK 1.6 b1η 1.6
KK∗
1
0.73 ηρ 0.7
K∗K∗ 0.66 KK 0.66
ρ3π 0.4 K
∗K∗ 0.2
KK 0.38
X(2040) was observed in partial wave analysis of J/ψ →
K+K−π0 by BESIII Collaboration [4]. It’s JPC = 1−− and the
and width are 2039 ± 19.7 MeV and 193 ± 35.5 MeV, respec-
tively. By our previous mass analysis, it may be a ω(2D) state
if it is a iso-scalar. Examining its strong decay information
in theory, we can obtain that the total width of X(2040) with
the range of 126 MeV to 178 MeV, which has a overlap with
the result of experiment [4]. The main decay mode is b1π.
πρ(1450), πρ, ρa1, and ηh1 are the important decay channels
too as shown in TABLE IX. The other decay modes are ex-
traordinary narrow such as KK(1460), KK∗(1410), ηω(1425),
ηω and so on. As mentioned previously, b1π can decay to
ωππ, so the channel of ωππ will be a main final channel for
X(2040)(2D) state. Because Kπ is a mail decay channel of
K∗(1410), KKπ will be a important final state too. This is
consistent with the experimental result [4]. If it is a iso-vector,
it may be the ρ(2D) state as shown in Tab. III, which is the
same state as ρ(2000). If we arrange X(2040) as a ρ(2D) state,
it will have the same decay behaviour with ρ(2000), i.e. it
mainly decay into a1(1640)π and ρρ. ππ2, ππ, and a1π are
very important final states too. In experiment, ππ will be an
ideal final channel to distinguish whether X(2040) is a ρ(2D)
state. With above analysis, X(2040) is a favor ω(2D) state if
it only has a uu¯(dd¯) component.
ω(2330) was observed in the process γp → ρ±ρπ∓ by
OMEG Collaboration [63] and ω(2290) was found in the par-
tial wave analysis of the data pp¯ → ΛΛ [62]. The mass
of ω(2290) and ω(2330) are very close but their widths are
very different. We need to analyze their decay behaviours
to distinguish which of them is a good candidate of ω(3D).
TABLE X presents the decay behaviours of ω(2290) and
ρ(2270). We can educe that the width of ω(2290) with the
range of 134 MeV to 224 MeV. The primary decay modes
is b1π. π1ρ(1450), KK(1630), a2ρ, and ρπ are the main de-
cay channels of ω(2290). The decay modes like KK, KK1,
ηω and K∗K1 have the sizeable contribution to the total width
of ω(2290) as shown in TABLE X. The decay behaviour of
ω(2330) is very similar to ω(2290) besides that a0(1450)ρ and
a2ρ have the lager widths and KK(1630) has little width value.
Our calculation shows that both the total widths of ω(2290)
and ω(2330) have a little overlap with experimental widths
[62] and they are good candidates of ω(3D) state. We hope
there are more experiments to research the two ω states in
order to identify which one of them is the ω(3D) state and
whether they are the same state.
ω(4D) has not been observed in the experiment. Regge tra-
jectory andMGI model predict that the mass ofω(4D) may be
2630-2640 MeV (we name it ω(2630)) which is similar with
ω(5S ). In TABLE VII, we give the two-body strong decay
of ω(4D) with the mass of 2663 MeV. According to TABLE
VII, one can note that ω(2550) mainly decay to a0(1450)ρ
and πb1. ρa2, ρ(1465)π, f2ω are the important decay modes
of ω(2630)(4D). KK(1630), a1b1, ρ3π, π2ρ, ρπ, h2η and other
channels as shown in TABLE VII are smaller. Since we can-
not determine the parameter γ in QPC model, we select the
value 11.6 in Ref. [46] and obtain its width is about 300 MeV.
We hope our predication can be helpful to search for this state
in experiment.
IV. SUMMARY
In this paper, we systematically study the mass spectrum
and the two-body strong decay of the ω meson family and the
newly observed X(2040) and X(2240) with (JP) = (1−) by the
BESIII Collaboration. We discussed the mass spectrum and
strong decay behaviors ofωmeson excited states, and whether
or not X(2040) and X(2240) are the candidates of ω(2D) and
ω(3D) state. In addition, we predict ω(4D) and ω(5S ) states
and the abundant information of their two-body strong decays
of ω family. This will be helpful to further study of these ω
states.
Our study can obtain the following conclusions:
1. ω(1420), ω(1960), and ω(2205) are good candidates of
7ω(2S ), ω(3S ) and ω(4S ) states. The mass of ω(5S )
is 2550-2620 MeV. It has the width of 330 MeV and
mainly decay to πρ(1450), a2ρ, b1π, a1ρ channels.
2. ω(1650) and ω(2290) (or ω(2330)) are good candidates
ofω(1D) andω(3D) states. The mass ofω(4D) is 2630-
2640 MeV. It has the width of 300 MeV and mainly
decay to a0(1450)ρ and πb1 channels.
3. If X(2040) is a uu¯(dd¯)-component meson, it is a good
candidate of ω(2D) state, and not rule out the possible
of ρ(2D) arrangement before experiment determine its
iso-spin. Our research does not support X(2240) as the
ω(4S ) or ρ(4S ) assignment, if X(2240) only has uu¯(dd¯)
component.
Also, we give more mass and decay information of ρ exci-
tations which will be helpful for the establish the ω meson
family.
The purpose of this study is crucial not only to establish
the ω meson family and future search for the higher excita-
tions, but also to help us reveal the structure information of the
newly observed X(2040) and X(2240) states. Thus, more ex-
perimental measurements of the resonance parameters should
be conducted by the BESIII and other experiments. This can
help us to identify the nature of X(2040) and X(2240) and es-
tablish the ω meson family in the future. We hope this work
can assist in exploring the ω states in both experiment and
theory.
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9TABLE VII: The total and partial decay widths of the ω(5S ) and
ω(4D), γ = 11.6. The unit of widths is MeV.
ω(2550) ω(2630)
Channel Value Value
T otal 330 304
πρ(1465) 83.9 22.5
a2ρ 49 34.2
b1π 28.5 50.8
a1ρ 28.4 4.14
ρ3π 19.7 11.6
KK∗(1680) 19.5 2.26
K∗K(1630) 18.8 12.9
f2ω 13.2 16.6
f1ω 9.47 2.29
K∗K∗(1410) 8.53 1.00
πρ 7.96 5.29
a0(1450)ρ 5.50 88.6
ηω(1425) 4.50 2.15
KK1 3.92 0.341
K∗K∗ 3.02 0.397
h1η 2.56 0
a1b1 2.49 11.8
KK1(1670) 2.48 2.22
η(1295)ω 2.37 1.10
π2ρ 2.35 10.3
K∗K1 2.053 0.76
h1η(1295) 2.03 1.80
f2h1 1.73 2.51
ηω(1960) 1.24 0.01
f1h1 1.03 3.88
ωη2(1617) 1.03 2.67
K(1460)K∗ 0.576 0.328
η′ω 0.570 0.39
K∗K∗
2
(1430) 0.544 0.0623
h1η
′ 0.502 0.148
KK′
1
0.498 1.42
KK∗ 0.43 0.246
K∗K′
1
0.3 1.12
ηω3 0.157 0.444
ηω 0.0569 0.205
KK 0.0280 0.01
h2η 0 4.76
a2b1 0 1.07
η′ω 0 0.975
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TABLE VIII: The partial decay widths of the ω(1D), ρ(1D), the unit
of widths is MeV. The γ value is 4.14-6.3.
ω(1650), Γ = 315 ± 35 [1] ρ(1700), Γ = 250 ± 100[1]
Channel Value Ref. [61] Channel Value [61]
Total 284 ± 113 542 Total 250 435
b1π 227.3 371 a1π 102 134
ρπ 35 101 h1π 61.6 124
KK 7.5 35 ρρ 19.3 14
ηω 6.5 ωπ 10.2 35
KK∗ 4.5 21 KK 7 36
ηρ 6.4
KK∗ 4.9
a2π 2.9
TABLE X: The partial decay widths of the ω(3D), ρ(3D), Exp Γ
means the experimental total width, the unit of widths is MeV. The γ
value is 9.3-12.04.
ω(2290) ω(2330) ρ(2270)
Channel Value Value Channel Value
Exp Γ 275 ± 35 [62] 435 ± 70 [62] Exp Γ 320 ± 80 [1]
T otal 179 ± 45 296 ± 70 T otal 320
b1π 63.6 92.7 πρ(300) 51.4
πρ(1450) 21.2 27.1 ππ 43.1
KK(1630) 20.4 8.86 a1(1647)π 41.8
a2ρ 17.5 31.0 a2(1732)π 20.9
ρπ 10.3 15.3 a2(1720)π 20.9
a1ρ 8.5 11.3 a2π 20.9
f2(1275)ω 8.5 14.2 a1π 20.8
ρ3π 6.2 8.27 π2π 18.9
KK∗(1680) 5.4 10.3 KK(1630) 15.8
h1η 5.1 8.93 a2π 14
f1(1280)ω 3.8 3.26 f2ρ 6.3
KK′
1
2.9 3.15 a2(1950)π 4.2
KK1(1670) 2.2 0.590 a1ω 3.1
ηω(1425) 1.5 2.68 KK1(1670) 3
KK(1460) 0.87 0.41 KK∗(1680) 2.8
a0(1450)ρ 0.7 55.5 KK
′
1
2.7
K∗K1 0.7 0.8 ω3π 1.8
ηω 0.52 1.04 KK(1460) 0.6
KK1 0.17 0.13 KK
∗ 0.2
KK 0.17 0.3 KK1 0.2
KK 0.16
